Introduction
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Insects use a system of gas-filled trachea to exchange respiratory gases with their external 4 0 environment. Large insects actively ventilate their tracheal system in order to satisfy their 4 1 respiratory demands even at rest (Harrison, 1997) . The best studied models for respiration and 4 2 ventilation regulation are locusts and cockroaches (e.g. Burrows, 1996; Harrison, 1997; Harrison 4 3 et al., 2013; Matthews, 2017; Miller, 1966) . Under increased metabolic demands these insects increase their respiratory gas delivery by increasing their tidal volume by way of recruiting 4 5 auxiliary respiration muscles (Miller, 1960; Weis-Fogh, 1967 ) and a higher ventilation rate 4 6
(reviewed in Harrison, 1997; Matthews, 2017; Miller, 1966) . Numerous studies have shown that Unless stated otherwise, saline was bubbled with pure nitrogen at a flow rate of 25 ml·min created an anoxic saline (verified using an IMP-PSt1 PO 2 optode and a Microx TX3, micro fiber 1 4 2 oxygen transmitter, PreSens, Regensburg, Germany) in order to prevent oxygen diffusion to the 1 4 3 nervous system, and to ensure that tissue oxygenation was limited to tracheal supply only.
4 4
We manipulated CO 2 and O 2 levels in the main longitudinal tracheae, which supply the thoracic through a glass capillary directly into the tracheae at a flow rate of 5 ml·min -1 . We used certified Stamford, CT, USA) to achieve the desired experimental gas compositions. At an insertion (usually at the anterior end near the prothoracic ganglion) (Fig. 1B) , the tracheal capillary tube and its sealing. In order to ensure perfusion of the gas mixtures through both
ventral tracheae (which are connected through air sacs under each thoracic ganglion) and to 1 5 6 make sure that the perfused gases leave the tracheal system only from the far end, the tracheal opening contralateral to the capillary-connected one was also pushed under the saline surface and
collapsed shut. The preparation temperature was monitored and maintained at 24±1˚C. We used custom-made suction electrodes to record extracellularly the ventilation motor pattern
activity from the median nerves of the prothoracic and metathoracic ganglia, which innervate the Sunnyvale, CA, USA). Each experiment started 30 minutes following the insertion of the electrodes and the gas-
perfusion capillary. Each preparation was exposed to "control" gaseous conditions (see below)
for 30 minutes before tracheal gas composition was changed for 30 minutes, followed by an
additional 30 minutes exposure to the initial (control) gas composition. Endo-tracheal oxygen or
carbon dioxide levels were first manipulated separately while the other gas was kept constant. served to verify the tissue viability and rule out any potential effects of the long exposure to dry 1 7 8
tracheal contents. In order to rule out the possibility that our findings reflected tissue response to anoxic saline (achieved by bubbling the respective gas mixes into the saline). These experiments were carried 1 8 3
out while perfusing the trachea with 6% O 2 and 3.5% CO 2 (in N 2 ). ventilation rates at the manipulated and control respiratory gas levels. Log 2 transformation was 1 9 2 applied to the one data set that failed the normality tests, allowing the use of the paired t-test as above for this case also. We compared the effect of different saline oxygen levels on the
ventilation rate using one-way ANOVA, followed by Bonferroni post-hoc test. Statistical
analyses were performed using SPSS 20.0 (IBM). Simultaneous extra-cellular recordings of the median nerves of the prothoracic ganglion and the 1 9 9
third fused abdominal ganglion in our in-vitro preparation revealed robust fictive rhythmic recorded in our control conditions was ~5 bursts·min -1 at 24±1˚C.
0 4
Although we used only the last 10 minutes of each 30 minute exposure to the experimental
conditions for our data analysis, changes in the efferent discharge in response to changing 2 0 6 tracheal gas levels were typically evident within 2-5 minutes (Fig. 2) (t 6 =0.672, p=0.527 and t 5 =0.882, p=0.418, respectively).
Preliminary experiments in which the tracheal perfusion comprised 21% O 2 did not result in a 2 1 1 response to elevated (up to 7%) CO 2 levels (data not shown). Consequently, we studied the effect pers. comm). Overall, the effect of changing the CO 2 levels was much more pronounced 2 1 6 compared to the relatively limited O 2 effect (Fig. 3B) . The threshold for the CO 2 effect was 2 1 7
found to be between 2% and 3.5%. A two-fold increase in the fictive ventilation rate was respectively).
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While neither 2% CO 2 nor O 2 ≥ 4% elicited a change in the fictive ventilation rate when each gas
was tested separately (Figs. 3A, 3B ), an interaction between the effects of the two gases was 2 2 7 evident when applying different gas level combinations. In a separate set of measurements 2 2 8 (N=7), changing tracheal gas levels from 3.5% CO 2 / 6% O 2, to 2% CO 2 / 2% O 2 , resulted in an
increase in the ventilation rate from 6.4±0.8 to 15.4±2.3 bursts per minute (t 6 =3.385; p=0.015).
3 0
Similarly, when tracheal CO 2 level was maintained at 3.5% (above our recorded threshold for 2 3 1 hyperventilation; Fig. 3B ), changing the O 2 level from 6% to 3% resulted in a two-fold increase 2 3 2 in fictive ventilation rate (t 7 =3.656; p=0.008; following log 2 transformation to reach normality; 2 3 3 Fig. 3C ), whereas a significant decrease was recorded at 9% O 2 (t 6 =4.245; p=0.005; paired t-test; Saline perfusion with nitrogen resulted in anoxic saline and prevented oxygen diffusion from the saline surface to the submerged ganglia. In order to rule out a possible artifact resulting from the 2 3 7
anoxic saline in which the preparation was bathed, we carried out a complementary set of
experiments in which we changed the saline oxygen level by means of perfusion of different gas mixtures (pure N 2 , 6% O 2 in N 2 and 21% oxygen in N 2 ), while the main trachea was constantly 2 4 0 perfused with 6% O 2 and 3.5% CO 2 . We found that the saline oxygen level indeed affected the 2 4 1 ventilation rate (Fig. 3D) . Under normoxic saline the ventilation rate was significantly lower 2 4 2 compared to hypoxic and anoxic saline (F 2,33 =7.57; p=0.002 one-way ANOVA; Fig. 3D ).
4 3
Furthermore, 3.5% CO 2 failed to elicit hyperventilation (rates were no different from those for 2 4 4 0% CO 2 ; Fig. 3B ). The existence and even the location of the ventilatory CPG in insects are known for more than
half a century (reviewed in Ayali and Lange, 2010; Burrows, 1996; Miller, 1966) . However, our 2 4 9
knowledge of the mechanisms related to gas sensing is still very limited. The findings by certain physiologically-relevant gas conditions. We developed a novel in-vitro preparation that CPG(s), while controlling the immediate respiratory gas environment. We achieved this by using
direct tracheal perfusion of respiratory gas mixtures varying in composition, while controlling 2 5 7 saline oxygenation level. The robust and consistent alternation between the bursts of action potentials recorded from the between a change in the perfused gas mixture and the observed change in ventilation rate (see 2 6 6 Fig. 2 ). This lag was probably only a result of a combination of the flow rate and the length of 2 6 7
